The same basic technology initially used to sequence a small region around a gene is still in use today. That technology though has undergone significant improvements. The basic chaintermination sequencing procedure has been improved by the use of use of thermostable polymerase enzymes in the reaction to improve the quality of the sequencing products. We now routinely use fluorescently labeled nucleotides for the reaction. This coupled with laser-based detection systems have essentially eliminated the need for gel-based sequence detection systems. It is now very routine to rapidly collect 500-800 bases of high quality DNA sequence data in a single run. Coupled with the fact that 8, 16 or even 96 samples can be analyzed simultaneously, it is not surprising that, at peak output, the public human sequencing project was processing seven million samples per month and generating 1000 bases of data each second.
Robotics has also been a key addition to whole process. The human hand rarely touches the clone that is being sequenced. Robots pick subclones, distribute them into reaction plates, create the sequencing reaction, and load the load the plates onto the capillary detection system. Collectively, all of these innovations have increased the quality and quantity of the data while decreasing the cost. It is estimated that the cost of sequencing for these large centers has decreased over 100 fold since the advent of the Human Genome Project in 1990. These improvements have spilled over into the small research lab, where a sequence reads cost as little as $2.50 compared to the initial $15 in the early 1990s.
Hierarchical Shotgun Sequencing vs. Whole Genome Shotgun Sequencing
There are two basic approaches to sequencing large complex genome: hierarchical shotgun sequencing and whole genome sequencing. Historically, the general approach to hierarchical shotgun sequence came first. In the early days of sequencing, without the prospect of the degree of high throughput sequencing and sophisticated sequence assembly software, it was generally considered necessary to first order the genome into a series of overlapping fragments. With such a clone-based contig (contiguous sequence) at hand, the assembly of the final genomic sequence seemed easier because each clone would provide a fixed sequence reference point from which a sequence assembly could be built. The advent of software that could assemble a large collection of unordered small, random sequence reads significantly changed perceptions regarding the best method of obtaining the sequence of a complex eukaryotic species.
Heirarchial Shotgun Sequencing. The first step in hierarchical shotgun sequencing is the construction of a large insert library from nuclear DNA of your species of interest. In the early days of sequencing, yeast artificial chromosomes (YACs) were used. YAC clones can contain up to a megabase (one million bases) or more of DNA. The concept was that only a few thousand overlapping clones would be necessary to develop a clone contig. But several technical difficulties with YAC clone (not the least of which was the fact that most researcher did not have the expertise to work with yeast), led researchers to look for an alternative cloning vector. The vector of choice was bacterial artificial clone (BAC) or the related P1 artificial clones (PAC). The primary advantage of these cloning vectors is that 1) they contained reasonable amounts of DNA [(about 100-200 kb (100,000 -200,000 bases)], 2) unlike YACs, did not undergo rearrangements, and 3) that could be handled using standard bacterial procedures with which many scientists were familiar.
With a BAC or PAC library (or in the case of the public human project eight libraries) in hand, the next step is to create an ordered array of the clones. This is not a trivial endeavor. A key tool for this entire step is a molecular map of the species. A molecular map is a series of DNA markers that are aligned in the correct order along a chromosome. In genetic terminology, each chromosome is defined as a linkage group. The map is used as the reference point to begin ordering the clones in a manner that represents sequence organization of the genome. Among the many clones in a library, the task is to find two clones that overlap either end of a seed clone. This is accomplished by "fingerprinting" each of the clones in the library. Each clone is cut with a restriction enzyme, such as the six-base cutter HindIII. The restriction fragment length pattern of each clone represents the fingerprint. The clones are seeded onto the map using markers from a dense STS (sequence tagged site) map. Overlapping clones are discovered based on shared fingerprint fragments. A series of overlapping clones were then defined for each chromosome. Collectively these overlapping clones define the physical map of the genome.
All totaled, the human project sequenced 29,298 large insert clones. This actually was more clones than necessary. The project began with the available technology that itself evolved over time. For example, sequencing actually began before the final physical map was completed. Therefore, the map itself was suboptimal. In contrast, the physical map of Arabidopsis was completed before the onset of sequencing. This genome is small (about 125 megabases). The physical map of this species consisted of 1,569 large insert clones that defined ten contigs. By contrast, the yeast genome was also sequenced using clones assigned to a physical map. That map consisted of 493 clones. Because that research began much earlier than the Arabidopsis project, it used the cosmid vector that accepts smaller-sized insert. Thus the number of clones is high relative to its genome size.
It is important to note that the construction of these maps represents only 1% of the costs of sequencing the genome. But at the same time, it is somewhat slow process. Yet at the same time, the physical map can be used to obtain preliminary sequence information (by BAC-end sequencing), is useful for researchers who wish to target a specific region of the genome for analysis prior to the release of the complete genome sequence, and provides a resource that can be used to develop more in depth genetic maps by comparing different genotypes at specific locations along the genome.
The physical map, the series of overlapping clones, is the raw material that is used for sequencing the genome. Collectively, these clones define the minimal tiling path for a particular region of the genome. The next step is to select clones for analysis. Ideally, the minimal tiling path consists of a redundant set of clones because not all clones are of equal quality. During the cloning process chimeric clones, which contain ligated fragments of DNA from two noncontiguous regions of the genome, can occur. For this reason, it is essential that each clone entering the sequencing mill be carefully analyzed to ensure that it contains sequences from a single genomic region. This is accomplished by a careful analysis of the fingerprint pattern. Ideally, the level of redundancy, the number of times a region is represented by a clone, is such that unique clones can be defined for the entire length of the genome.
Each of the large-insert clones is fractionated into small DNA fragments by physical means. The fragments are then modified by adding restriction-site cloning adapters. This permits the insertion of the fragments into standard plasmid cloning vectors. Currently plasmids are the vector of chose. Previously, the fragments were cloned into the M13 vector that generates high-quality, single stranded DNA that is ready for cloning. But sequence data could only obtained from one end. On the other hand, fragments placed into plasmid vectors can be sequenced from both ends. Sequence data collected from both ends of a clone are called read pairs or mate pairs. The availability of read pairs (again of lengths of 500-800 bases) makes the subsequent assembly process simpler because sequences are known to reside in close proximity.
The fragments are cloned and subsequently sequenced. That sequence data is then assembled using computer algorithms. This process involves the alignment of sequences that overlap. Alignments are defined by the degree of accuracy. The human genome project adopted a level of 99.99% accuracy for what is called a full shotgun sequence. As an example, it would take about 2000 sequence reads to generate an 8-10 fold coverage of a 100 kb BAC clone. This level of coverage is typically sufficient to achieve the standard level of accuracy. Midway to the full shotgun sequence is the working draft sequence. This typically is achieved with a 3-5 fold coverage of the BAC. Such a draft could be useful as a first look at the genome, to identify potential SSR markers, and to get a general sense of what types of genes are located in a specific region of a genome. If an individual investigators wishes to study a particular BAC region in depth, the working draft provides a good starting point.
The final step is the development of the finished sequence. Gaps can appear in the sequence of a BAC, or certain regions of the clone might not achieve the full shotgun standard. Efforts at finishing the sequencing of these specific regions of the genome are called directed sequencing. This process involves the sequencing of additional subclones of the clones. This, though, could be tedious and expensive. Alternatively, primers are developed to sequences bordering the troublesome region. These primers are used to amplify BAC DNA that is then directly sequenced. Alternatively, this same approach could be employed using genomic DNA as the template for PCR amplification.
As you remember from above, the first step in the entire process is to develop a relatively high-density molecular map to seed the initial physical map. This molecular map again is useful to authenticate the finished sequence. Each marker should be placed in the correct order along the sequence. In addition, the fragment size distribution generated for each BAC during the fingerprinting phase should be readily observable from the sequencing data. Collectively all of these steps provide a high degree of reliability of the genome sequence.
So where does the major sequencing projects stand today? The immense amount of work on the human genome lead to the publication of a working draft sequence in February 2001. Two years later, in April 2003, the finished sequence was announced. Had you heard about it? Probably not. The fanfare associated with release of the draft sequence had much to do with the private effort that competed with the on-going public project. The major difference, and controversy centered around the whole genome shotgun approach of Celera Genomics.
Whole Genome Shotgun Sequencing. The hierarchical sequencing approach begins by first generating a physical map. The overlapping clones that define the map are then shotgun cloned and sequenced. The whole genome shotgun sequencing (WGS) approach bypasses this entire step. Instead, nuclear DNA itself is sheared, modified by the addition of restriction site adaptors, and cloned into plasmids. These plasmids are then directly sequenced. This process, even more so than determining the sequence of a BAC, requires pair reads; again sequence data from both ends of the clone. This is especially true because of the repetitive nature of complex genomes.
As an approach, WGS has proven very successful for smaller genomes. It is essentially the only approach that is used to sequence smaller genomes such as bacteria. The suggestion that it would be useful for complex genomes was consider bold statement. But to some degree, this approach has value. The Drosophila genome sequence currently in use is the product of shotgun sequencing. In addition, the two rice genomes that were sequenced were the product of shotgun sequencing. It is important to note that efforts are under way for both of these species to finish the genomes by using the hierarchical approach.
The major problem with shotgun sequencing is overcoming the alignment problems associated with the repetitive DNA. One approach to this problem is to generate a collection of fragment libraries. Celera Genomics used fragments that were two, ten and fifty kb in size. In this manner, data from fragments containing different types of sequences can be collected.
In many ways, the difference between the two sequences approaches is one of scale during the assembly process. The WGS approach involves the simultaneous analysis of gigabytes of sequence data, whereas the amount of data needed to assembly smaller datasets generated by shotgun sequencing a BAC clone is orders of magnitude less. Therefore, on-going research is focusing on developing new algorithms to handle and assembly the huge data sets generated by WGS.
The recently published mouse genome sequence represents a future direction. The genome was first assembled based on data generated by WGS sequencing. A total of 29.7 million pair reads were collected, a value representing a 7.7-fold coverage of the genome. This data was then assembled used software developed since the Celera Genomics project. Neither mapping data nor clone-based sequences were used. This generated 224,713 sequence contigs. Although many of these are short contigs, the average length was 24.8 kb. A subset of the contigs, called supercontigs have an average length of 16.9 MB, a significant improvement over the results obtained by earlier software. The 200 largest supercontigs represent 98% of the euchromatin regions of the genome. These were next anchored to the chromosomes using several sets of mapping data. This data set represents 187 Mb of the euchromatic DNA or 96% of the genome. These results demonstrate the potential of the WGS approach.
Combined Approach Used With Rat Genome. The rat genome project used a combination of the HSS and WGS approaches. First, data was collected using the traditional WGS approach. Subsequently, BACs were sequenced using the traditional shotgun approach but only to an average of 1.8x. The BAC information is called a BAC skim. The BAC skim data was used to seed the WGS data to a BAC. This results in enriched BACs (eBACs) which are then united to form long sequence structures (bactigs), and subsequently superbactigs and finally ultrabactigs. BAC end sequence, fingerprinting, and finally genetic data is to used to create the final assembled genome. The project developers claim this uses the advantages of the HSS and WGS approaches with few of the disadvantages.
Pyrosequencing of Genomes in Picolitre Reactors
The goal of genome sequencing is to capture large amounts of DNA sequence data in as short of time frame as possible. The dideoxy chain termination procedure has certainly proven to be a very successful approach to collecting a large amount of sequencing data. But as with everything, we want more data in a shorter period of time with less labor input. A recent publication by Margulies et al (Nature 2005) describes such an approach. The research group works for 454 Life Sciences (www.454.com), and they have developed a procedure system that utilizes pyrosequencing of DNA samples bound to beads that are located in a wells of fibreoptic plate. The company is selling a full system that will perform the sequencing. So how does the system work? First we need to discuss pyrosequencing.
At its most basic, pyrosequencing generates visible light in a directly proportional to the number of a specific nucleotide that are incorporated into a growing DNA sequence. The reagents for pyrosequencing are listed in Table 1 . The first important point is that only a single deoxynucleotide is used for each synthesis step. Therefore, if the dNTP in reaction is dTTP, and the next complementary deoxynucleotide in your template is adenine, then you will generate one unit of light from this reaction. If on the other hand, the next two complementary bases in the reaction are adenine, you will generate two units of light. And finally, if the next base is any of the other three deoxynucleotide (guanine, cytosine, or adenine) no light will be generated because pyrophosate (PP i ). The light is captured and quantified by a charge coupled device (CCD) camera.
Once this step is completed, it is important to clean the system of the residual dNTP and ATP before another dNTP is added and the process repeated. The enzyme apyrase [reactions (4) and (5)] degrades these reagents. Finally, a new nucleotide is added, and the entire process is repeated to determine the next base in the sequence.
Clearly it would be very labor intensive to perform this sequencing on individual templates. Therefore a useful system would be one that allows the simultaneous sequencing of many templates in parallel. 454 Life Sciences has also developed such a system. Their system also has the added feature of not requiring individual clones for sequencing, an absolute requirement for both hierarchical and whole genome shotgun sequencing. Here is how it works.
First, total genomic DNA is sheared, primer adaptors are added, and the DNA is made single-stranded. A single strand of DNA is then bound to a bead, and a single bead is encapsulated inside an emulsion. In this way, each emulsified bead can be considered to represent a single reaction vessel. All of the beads are then collectively treated enmass. Complementary primers are used, and the DNA is amplified using PCR. The result is that each bead has multiple copies of the same DNA fragment bound to the bead.
Next the beads are loaded into a specially manufactured fibreoptic plate (60 x 60 mm 2 ) that contains about 1.6 million wells. Each well contains a single bead and is the location where the pyrosequencing reaction will take place. The 454 machine then delivers all of the reagents for a single pyrosequencing step simultaneously to all of the wells. The backside of the plate is in contact with a CCD camera. The camera collects data simultaneously from each well following each pyrosequencing step. Therefore, the system has the capability to collect sequencing data for up to1.6 million reactions simultaneously. The system is also designed so that it can deliver the sequencing reagents, wash the wells following a reaction, and deliver the next set of reagents.
In the Nature article, the researchers used their newly designed equipment to sequence the Mycoplasma genitalium genome. Table 2 lists some of the important summary statistics that demonstrates the utility of the 454 pyrosequencing system. This paper demonstrates the feasibility of this sequencing approach for prokaryotic genomes. Two technical improvements are needed before this approach can be of wide use for the development of a draft genome sequence. The first issue is read length. These short read lengths are problematic for eukaryotic genomes with repetitive elements because it becomes difficult to assembly long contigs. One solution would be to improve the read length of each individual fragment. Secondly, the ability to perform pair-end reads would also improve contig development. The authors note these issues in the manuscript.
So where would it be useful to apply the 454 pyrosequencing technology today? One use would be for genetic diversity studies. Once a genome has a draft sequence available, the use of the 454 technology on other genotypes of the species would uncover genetic diversity at a significantly reduced cost relative to whole genome shotgun sequencing. The value of the draft sequence is that contig development using the 454 data would be easier and should lead to longer contigs. 
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